The use of thyroid gland fine-needle aspiration (FNA) biopsy led to major improvements in the care of patients with thyroid gland nodules, 1-7 although with the widespread adoption of FNA, new challenges arose. These challenges included the optimization and standardization of diagnostic criteria 8 and the development of patient management protocols 1 based on diagnostic schema. Much of the thyroid gland FNA literature has established diagnostic criteria, documented performance metrics (eg, sensitivity and specificity), and highlighted the diagnostic pitfalls. 9 Our literature has not rigorously evaluated means to improve performance metrics or even seriously challenged the notion that current thyroid gland FNA error proportions are irreducible.
A b s t r a c t

Scant published data exist on redesigning pathology practice based on error data. In this first step of an Agency for Healthcare Research and Quality patient safety project, we measured the performance metrics of thyroid gland fine-needle aspiration, performed root cause analysis to determine the causes of error, and proposed error-reduction initiatives to address specific errors. Eleven cytologists signed out 1,543 thyroid gland aspirates in 2 years, and surgical pathology follow-up was obtained in 364 patients. Of the 364 patients, 91 (25.0%) had a false-negative diagnosis and 36 (9.9%) a false-positive diagnosis. Root cause analysis showed that major sources of error were preanalytic (poor specimen quality) and analytic (interpretation of unsatisfactory specimens as nonneoplastic and lack of diagnostic category standardization). We currently are evaluating the effectiveness of error reduction initiatives that target preanalytic and analytic portions of the diagnostic pathway.
The use of thyroid gland fine-needle aspiration (FNA) biopsy led to major improvements in the care of patients with thyroid gland nodules, [1] [2] [3] [4] [5] [6] [7] although with the widespread adoption of FNA, new challenges arose. These challenges included the optimization and standardization of diagnostic criteria 8 and the development of patient management protocols 1 based on diagnostic schema. Much of the thyroid gland FNA literature has established diagnostic criteria, documented performance metrics (eg, sensitivity and specificity), and highlighted the diagnostic pitfalls. 9 Our literature has not rigorously evaluated means to improve performance metrics or even seriously challenged the notion that current thyroid gland FNA error proportions are irreducible.
This study focuses on the development of a quality improvement initiative based on measuring baseline thyroid gland FNA error proportions. Our definition of a diagnostic error is a diagnosis that does not accurately represent the patient's actual disease process. 10, 11 The sensitivity and specificity of thyroid gland FNA reportedly range from 57% to 99% and 90% to 99%, respectively. 2, 9, [12] [13] [14] [15] [16] [17] These performance metrics depend on a number of factors, including the diagnostic categorical schema, availability of immediate interpretation, and operator experience.
We previously measured baseline multi-institutional anatomic pathology error frequencies and showed that thyroid gland FNA has relatively high false-negative and -positive proportions, compared with other specimen types, based on the cytologic-histologic correlation error-detection method. 11 In a 1-year period at 1 institution participating in an Agency for Healthcare Research and Quality-funded patient safety project, 26 of 231 thyroid gland FNA diagnoses were discrepant with surgical follow-up diagnoses (11.3% error frequency). 11 Patients with thyroid gland FNA diagnostic errors had a portion (or all) of their thyroid gland removed for a benign condition or had a delay in diagnosis (and possibly excess testing) for failure to diagnose. 11 In the present study, we used FNA performance metrics to drive root cause analysis to effect change and process redesign. Even though we believed that our thyroid gland FNA performance metrics were within the acceptable published range, our goal was to decrease the number of errors as much as possible. We evaluated all processes that contributed to error, and aspects of our process redesign are discussed. We are evaluating the affects of our process redesign, and these data are forthcoming.
Materials and Methods
Background
As previously mentioned, we conceived of this project when we found an 11.3% error frequency for thyroid gland FNA at 1 institution participating in an ongoing Agency for Healthcare Research and Quality patient safety project. 11 This error frequency was based on the cytologic-histologic correlation review of "2-step" or greater cytologic-histologic correlation diagnostic discrepancies. 10, 11 Additional evaluation through existing institutional quality assurance practices showed that 23.1% of 2-step correlation discrepancies were diagnostic overcalls and 11.5% were diagnostic undercalls. 11 These errors were secondary to sampling (error in not obtaining diagnostic material), interpretation, or combined sampling and interpretation. The goals of the present study were to better define the problem of diagnostic error in thyroid gland FNA, perform root cause analysis, and redesign processes based on the findings of the root cause analysis.
Institutional review board approval was granted before the performance of the study.
Case Selection
To better define thyroid gland FNA error, we performed more detailed analysis of thyroid gland FNA diagnoses and outcomes for a 2-year period. We chose this timeframe to accumulate a sufficient number of cases to determine performance metrics for individual cytologists. One hypothesis that we examined was that differential use of diagnostic categories affected error frequencies. A search was performed of the laboratory information system (LIS; CoPathPlus Anatomic Pathology, Cerner, Kansas City, MO) to retrieve all thyroid gland FNA specimens examined between January 1, 2003, and January 1, 2005. We deidentified this institution for the purposes of this study. There were 1,343 patients and 1,543 FNA specimens; 147 patients had 2 FNAs, 19 had 3 FNAs, and 5 had 4 FNAs.
Based on the examination of the original thyroid gland FNA reports, the diagnoses were reclassified independently by 2 study investigators (S.S.R. and C.M.V.) into the following categories: unsatisfactory, benign, atypical, follicular or Hürthle cell lesion or neoplasm, "suspicious" for malignancy, or malignant. 10 Differences were resolved by consensus. In some cases, the original diagnoses were descriptive, and the investigators jointly evaluated and reclassified these diagnoses. Excluding the unsatisfactory diagnosis, this classification scheme is hierarchically scaled based on probability of neoplasia. We classified the follicular or Hürthle cell lesions and neoplasms in 1 category because the cytologists used these categories similarly. Some cytologists never used the neoplasm category, whereas others used the neoplasm and lesion categories.
We searched the LIS to retrieve surgical pathology followup for each patient who had a thyroid gland FNA specimen. The LIS was searched from the day of the FNA to June 30, 2005 , and surgical pathology follow-up was obtained for 364 patients (27.1%). The follow-up timeframe ranged from the same day to 14 months after the thyroid gland FNA specimen was obtained; the mean follow-up time was 2.0 months. The final surgical pathology diagnosis was coded as benign, atypical, follicular or Hürthle cell adenoma, or malignant. We did not formally study the reasons for a surgical procedure in patients who had lesions diagnosed as benign by FNA; this was beyond the scope of this study. Patients who had a surgical pathology diagnosis of microscopic papillary carcinoma were coded as having a benign diagnosis for analysis because these diagnoses were incidental to the process.
Statistical Analysis
We measured overall and individual cytologist diagnostic performance metrics. Eleven cytologists interpreted the FNA specimens for the study period. For the overall FNA performance metrics, we calculated the number and frequency of cytologic-histologic correlation discrepant case pairs, sensitivity, specificity, likelihood ratio (LR) for individual diagnostic categories, and receiver operating characteristic (ROC) curves. For individual cytologist FNA performance metrics, we calculated the LR for diagnostic categories and ROC curves. We calculated individual cytologist differences in the proportion of their use of specific diagnostic category by using a χ 2 test, used to test for differences in proportions.
We calculated the number of discrepant cytologic-histologic correlation case pairs by measuring 2-step or greater differences between the FNA and surgical pathology diagnoses. 11 Because the FNA diagnostic category of atypical has different connotations, we calculated the number of discrepant case pairs in 2 ways: (1) excluding the atypical category and (2) considering an FNA diagnosis of atypical and a surgical pathology diagnosis of follicular or Hürthle cell neoplasm or malignant as discrepant. 18, 19 We recognized that all methods used to calculate sensitivity and specificity were biased because our thyroid gland diagnostic category scheme was nonbinary. 18 We calculated sensitivity and specificity by considering the surgical pathology diagnosis as the "gold standard," and, therefore, we excluded all cases without surgical pathology follow-up. 11 By using this exclusion criterion, we focused on cytologic-histologic discrepancy errors. 11 For calculation of sensitivity, we included FNA diagnoses of follicular or Hürthle cell lesion or neoplasm, suspicious, and malignant and surgical pathology follow-up diagnoses of follicular or Hürthle cell neoplasm or malignant as true-positives; we included an FNA diagnosis of benign and surgical pathology follow-up diagnoses of follicular or Hürthle cell neoplasm or malignant as false-negatives. For calculation of specificity, we included only an FNA diagnosis of benign and a surgical pathology follow-up diagnosis of benign as a true-negative; we included FNA diagnoses of follicular or Hürthle cell lesion or neoplasm, suspicious, and malignant and a surgical pathology follow-up diagnosis of benign as falsepositives. We excluded patients who had FNA or surgical diagnoses of atypical or unsatisfactory from these calculations.
Our goal was to determine whether FNA could accurately classify lesions into 1 of 2 categories: lesions that should be excised (including carcinomas and all neoplasms) and those that do not need to be excised (benign, nonneoplastic lesions). We assumed that surgical excision was necessary to separate benign neoplasms from carcinomas. 11, 19 We recognized the necessity for nondefinitive categories, although we wanted to determine whether cytologists were using nondefinitive categories differently.
We used the LR to express the probability of neoplasm for each FNA diagnostic category. [20] [21] [22] [23] For each FNA diagnostic category, the LR is the quotient of the proportion of patients with disease who have a particular FNA diagnosis to the proportion of patients without disease who have that particular FNA diagnosis. The LR is a ratio of 2 probabilities, the probability of a test result if the disease is present (true-positives) divided by the probability of the same result if the disease is not present (false-positives). The LR has clinical value because it may be used to assess the posttest probability of disease if the pretest probability of disease is known.
The LR may range from 0 to infinity. An LR of less than 1.0 lowers the post-FNA probability of disease from the pre-FNA probability of disease. An LR equal to 1.0 does not alter the post-FNA probability of disease from the pre-FNA probability of disease. An LR of greater than 1.0 raises the post-FNA probability of disease from the pre-FNA probability of disease.
For the calculation of the LR, the surgical pathology follow-up diagnoses were coded as neoplasm present, which included follicular or Hürthle cell adenoma and malignant, or no neoplasm present, which included benign and atypical. An LR was calculated for each diagnostic category by dividing the proportion of cases with that diagnosis and follow-up indicating the presence of a neoplasm by the proportion of cases with that diagnosis and follow-up indicating no presence of a neoplasm. We calculated an LR for the diagnostic categories for the group of cytologists and for cytologists who had more than 30 specimens with surgical pathology follow-up.
We used ROC curves to express the diagnostic accuracy for the group of cytologists and for individual cytologists. 19, 22, 23 The ROC curve is an extension of the LR and is a graph of sensitivity vs (1 -specificity) as the cutoff value for the diagnosis is altered. A curve closest to the upper left hand corner of the graph is optimal, whereas a 45-degree line corresponds to random guessing. The SE was calculated with a nonparametric assumption. We calculated overall accuracy by measuring the area under the ROC curve. Compared with sensitivity and specificity measures, ROC curves incorporate the atypical and other nondefinitive diagnostic categories in measuring the overall diagnostic accuracy.
Root Cause Analysis
Three pathologists (S.S.R., D.M.G., and D.S.) performed root cause analysis to determine causes of error. Specimen, provider, and system factors all contributed to diagnostic pathology error. We used a root cause analysis method based on a modification of the Eindhoven Classification Model for the Medical Event Reporting System for Transfusion Medicine. [24] [25] [26] [27] This method focuses on 3 domains: technical (equipment, forms, and software), organizational (procedures, policies, and protocols), and human (knowledge-based, rulebased, and skill-based). ❚Table 1❚ shows a more detailed list of the classification model. [24] [25] [26] [27] The 3 domains were useful for classifying contributing factors and organizing causes of error. The domains also allowed for error investigation to focus on system factors rather than entirely on human factors.
We first performed root cause analysis by examining the overall and individual performance metric data and looking for causes of error based on less-than-optimal performance. We coded errors using the Eindhoven Classification Model, and we created a table displaying major factors that contributed to error. We realized that in much of clinical medicine, the most effective method of performing root cause analysis is immediately after the error occurs. Our method was somewhat limited because in some cases, root cause analysis was performed following a lengthy interval after the error occurred. 28, 29 A benefit of studying test performance data is that system issues may be better studied.
We then proceeded to evaluate the cause of error in individual cases. For each 2-step cytologic-histologic discrepancy, we constructed a causal tree that visually represented the factors, activities, and decisions possibly leading to the diagnostic error. We recognized that all possible sources of error were not identifiable at the time we performed root cause analysis.
In the cytologic-histologic correlation process, cytologists generally review slides to assign the error as sampling or interpretation (or both). Although we reviewed slides in this study, our root cause analysis method focused on the overall process, and we wanted to determine all the sources of error rather than simply classifying error as a clinical procurement or an interpretation problem. In the "Results" section, we provide 2 representative causal trees that depict causes of error appearing repeatedly. Finally, we listed 2 interventions that would address several of the major sources of error.
Results
❚Table 2❚ shows the surgical pathology follow-up diagnoses for each FNA diagnostic category. The numbers of 2-step cytologic-histologic discrepant case pairs excluding and including the atypical diagnoses were 93 (25.5%) and 127 (34.9%), respectively. By including the atypical and unsatisfactory diagnoses, 91 patients (25.0%) had a false-negative diagnosis and 36 (9.9%) a false-positive diagnosis. Of the false-negative diagnoses, 40 had carcinomas (30 papillary, 6 follicular, 2 Hürthle cell, 1 medullary, and 1 anaplastic) and the remainder had adenomas. Two patients had an FNA diagnosis of papillary carcinoma and benign surgical follow-up. Approximately 5 patients per month had a thyroid gland lobectomy for a benign condition or a delay in diagnosis for a neoplastic condition incorrectly classified. The FNA sensitivity and specificity were 70.2% and 67.0%, respectively. Of the FNA specimens diagnosed as benign, 41.8% had a follow-up surgical pathology diagnosis of follicular or Hürthle cell neoplasm or malignant.
❚Table 3❚ shows the number of specimens and the percentage of these specimens with surgical pathology follow-up by cytologist and FNA diagnostic category. More than 10% of all patients who had a benign FNA diagnosis underwent a surgical procedure. A contingency table showed that the frequency of use of specific diagnostic categories depended on the individual cytologist (P < .001). For example, compared with the other cytologists, cytologist D used the atypical category more frequently and cytologist F used the unsatisfactory category more frequently. For cytologists D and F, the atypical category comprised 16% and 2.9%, respectively, of all diagnoses. ❚Table 4❚ shows that the LR for each FNA diagnostic category by cytologist had a wide range of variability. For example, the benign category for each cytologist had an LR that lowered the post-FNA probability of neoplasia, but to a considerably different percentage. The LR for the diagnostic category of atypical by cytologist usually lowered the post-FNA probability of disease, and for some cytologists, the LR for an atypical diagnosis was lower than the LR for a benign diagnosis.
❚Figure 1❚ shows the ROC curve for thyroid gland FNA for all cytologists combined. ❚Table 5❚ shows the area under the curve (diagnostic accuracy) for individual cytologists. Diagnostic accuracy varied considerably by cytologist. Excluding and ❚Figure 3❚ show causal trees depicting sources of error. We identified sources of error in all domains, and diagnostic errors had a latent and an active component. The 2 main causes of error were false-negative diagnoses involving the interpretation of poor samples as nonneoplastic and false-positive diagnoses involving the interpretation of poor samples as neoplastic or nondefinitive. The majority of all errors involved sampling and interpretive components.
Based on these data, we chose 2 error reduction interventions: (1) creation of a standardized diagnostic terminology scheme that included standardized criteria to classify a specimen as adequate and (2) 
TD
Failure in laboratory equipment (eg, failure of centrifuge to properly prepare specimen); failure of radiology equipment during procedure (eg, ultrasound machine) TC Inappropriate setup of radiology suite, cytology laboratory, or FNA clinic to process specimens properly TM Defects in cassettes used for cell blocks; defects in needles, radiology equipment OEX Inability to reorganize cytology, radiology, and surgery services OP Lack of standardization for pathology sign-out procedures, diagnostic criteria for category use, radiology procedures OK New cytologists or less experienced cytologists not taught in a rigorous manner OM Radiology processes patients too quickly to allow for proper FNA performance; cytology schedule too busy to employ cytologists to perform immediate interpretation services; hospital does not mandate that patients with palpable lesions be sent to more experienced aspirators OC System focused on punishment and no improvement; no system for formal root cause analysis HEX Uncertain why specific patients with benign lesions were treated with surgical excision HKK Misdiagnosis of a case because of case-specific differences not previously observed HRQ Not all individuals have sufficient skills to perform FNA, interpret FNA, or manage patients with FNA diagnoses HRC Lack of coordination of radiology, pathology, and clinician teams HRV Incomplete assessment of situation (eg, aspiration performed of nonpalpable lesion in clinician office) HRI Incorrect specimen collection (eg, no smears prepared) HRM Immediate interpretation not performed HSS Poor performance of FNA or radiology equipment HST Incorrect material preparation (eg, material wiped off slide before immediate interpretation) PRF Disease not separable by FNA; patient desires benign lesions removed for reasons other than cancer risk; patient has propensity to yield poor specimen (ie, bleeding)
FNA, fine-needle aspiration.
an education component to improve diagnostic accuracy. Both interventions targeted the intersection of the preanalytic and analytic processes. These interventions are currently being tested.
Discussion
By using the cytologic-histologic correlation method of error detection, we showed that thyroid gland FNA at 1 institution had a false-negative proportion of 25.0% and a falsepositive proportion of 9.9%. The root cause of most error was poor specimen quality. The patient had a neoplastic process and the FNA specimen was interpreted as adequate and nonneoplastic or the patient had a nonneoplastic process and the FNA specimen was interpreted as nondefinitive or neoplastic. In both scenarios, the lack of diagnostic standardization created "noise" that resulted in clinical confusion and overtreatment or undertreatment. The majority of errors were not caused by cytologist misinterpretation of good samples.
These data showed that the errors occurring in the diagnosis and care of patients with thyroid gland disease were multifactorial and interdisciplinary, crossing over radiologic (errors in tissue procurement), pathologic (errors in immediate and final interpretation and procurement), and clinical (interpretation of pathology results) services. 29 Error generally originated during specimen procurement, and cytologists perpetuated this error by interpreting poor specimens.
We recognized that our definition of error was rigid (a patient did not have neoplasia and the lesion was removed or the ❚Figure 2❚ The causal tree describing patients with a neoplastic thyroid gland nodule that is diagnosed as nonneoplastic by fineneedle aspiration (FNA). For an explanation of the codes in the bottom row, see Table 1 .
patient had neoplasia and there was a delay in diagnosis). 10, 11 Traditional diagnostic schema accept error as an unavoidable aspect of thyroid gland FNA; for example, the literature reports that up to 20% of patients with a diagnosis of a follicular neoplasm will have a nonneoplastic diagnosis on surgical pathology follow-up and that neoplastic lesions such as macrofollicular adenomas will exhibit "nonneoplastic" FNA features. 9 We accepted that errors secondary to patient-related factors may be irreducible (ie, some neoplastic and nonneoplastic conditions cannot be separated on FNA), 9 but we wanted to determine exactly what percentage of errors were not in this category.
Cytologists overinterpret unsatisfactory specimens as nonneoplastic for several reasons. First, cytologists use different criteria to diagnose an FNA specimen as satisfactory. 8, 9, 12, [30] [31] [32] [33] [34] [35] This practice is perpetuated by the lack of expert agreement in the cytology literature; some authors recommend more of some characteristics (eg, cells or colloid) than other authors. Clearly, the "minimum" necessary criteria are a sliding cutoff, and, if one accepts fewer of some criteria, one risks having a higher false-negative proportion. 9 However, the minimum necessary criteria debate centers on the belief that less-thanoptimal specimens should be interpreted in the first place. If the entire diagnostic process were redesigned properly, cytologists would not even interpret such specimens. The root cause of this problem is mainly preanalytic but is augmented by cytologists who accept that they can interpret poor specimens. In the Toyota Production System model, 29, 36 these specimens ❚Figure 3❚ The causal tree describing patients with a nonneoplastic thyroid gland nodule that is diagnosed as neoplastic by fineneedle aspiration. For an explanation of the codes in the bottom row, see 9 have shown that pathologists have lower unsatisfactory proportions, although some clinicians are biased against switching to pathologist-driven FNA services. In addition, some pathology groups lack the desire or ability to perform thyroid gland FNAs and some clinicians are very skilled at obtaining excellent specimens. One of our interventions was increasing the number of pathologist-performed FNAs and immediate interpretation of clinician and radiologist-performed FNAs. By developing more standard criteria for diagnosis, we targeted the preanalytic problem of specimen sampling and the analytic problem of diagnostic variability leading to clinician confusion. We targeted the sampling problem by adopting the strict use of specimen adequacy criteria that are based on optimally adequate specimens rather than minimally adequate specimens. We are measuring the success of these interventions, and our findings will be reported. Specifically, we will address how measures of specimen adequacy previously have focused on minimal numbers of cells and colloid and how arbitrary cutoff values of these numbers lead to errors.
would be rejected as faulty. Probabilistically, cytologists are likely to be correct in interpreting these specimens as nonneoplastic, but in some cases (as shown herein), they will be incorrect. Underlying reasons for pathologists overinterpreting unsatisfactory specimens as nonneoplastic include clinical pressure and failures of knowledge-based or rule-based behaviors (eg, overconfidence). 37 At this institution, cytologists used different criteria not only for the unsatisfactory category but also for other diagnostic categories. Root cause analysis showed that the cytologists used the diagnostic categories of atypical and follicular lesion or neoplasm differently. Some cytologists used the atypical category to classify lesions that exhibited some but not all features of papillary carcinoma (eg, abundant nuclear grooves). Other cytologists used this category to classify lesions that lacked specific criteria for a nonneoplastic or a neoplastic diagnosis but did not necessarily indicate that a papillary carcinoma was present. 9 The main underlying reasons for classification within this category were poor sampling (again a preanalytic error) and patient-related factors (eg, the lesion could not be accurately classified but represented a good aspirate). Because cases with this diagnosis were not separated into definitive neoplastic or nonneoplastic categories and because the cytologists wanted to convey different meanings, the clinicians behaved differently when provided an atypical FNA diagnosis. In practice, this diagnostic category lowered the post-FNA probability of neoplasia but created clinician confusion. 38 Root cause analysis also showed that clinicians contributed to the problem by pressuring some cytologists to use this category in a specified way.
We recognize that the performance metrics of thyroid gland FNA were biased because we chose to selectively examine cases in which surgical pathology follow-up was obtained. We did not obtain clinical follow-up for all patients with benign diagnoses. In this population, this bias resulted in a relatively high false-negative frequency. Our purpose in calculating accuracy in this manner was to highlight and study error rather than establish the performance metrics of FNA based on evaluation of clinical follow-up.
This study demonstrates that the cytologic-histologic correlation process was used to identify discrepancies in thyroid gland FNA to direct process change. Vrbin et al 39 and Raab et al 11 reported that the cytologic-histologic correlation practice has been performed variably across institutions, indicating that comparing discrepancy proportions across sites lacks a degree of validity. Raab et al 11 recommended standardization of the cytologic-histologic correlation process to effectively use it as a benchmarking tool. However, our study indicated that root cause analysis of cytologic-histologic correlation data helped identify repetitive causes of preanalytic and analytic error.
These errors pointed to a number of possible interventions, mainly directed at reducing the variability of specimen
